Abstract: New technologies and materials with superior characteristics impel great development of functional devices in the terahertz field. The dynamically tunable plasmon-induced transparency (PIT) based on radiative-radiative-coupling in terahertz hybrid metal-graphene metamaterial is numerically investigated in this paper. For the active manipulation of the PIT device, the single-layer graphene is integrated into the proposed structure consisting of the split-ring-resonator (SRR) and the closed-ring-resonator (CRR). Dynamically adjusting Fermi energy in graphene leads to modulation of the PIT window, allowing for the active control of the group delay. From the simulated electrical field distributions and effective circuit model to analyze, the transmission spectrum modulation can be attributed to the altering in the energy loss of the dark mode resonator through the conduction effect of the graphene layer. Our work offers theoretical references for the development of slow light terahertz devices in the future.
Introduction
Electromagnetically induced transparency (EIT) is a very important phenomenon in physics, which is the result of quantum destructive interference. Electromagnetically induced transparency has important application in slow light effect, information storage and non-linear effect [1] [2] [3] . However, the implementation of EIT effect in the original atomic system often requires harsh conditions such as ultra-low operating temperatures and strong light pumping, which makes EIT effect restrictive in practical applications [4] . The emergence of metamaterials lays new roads to modulate light in the sub-wavelength range. Metamaterial-based plasmon-induced transparency (PIT) is an optical analogue of EIT, which has attracted much attention owing to its flexible design and easy implementation [5, 6] . The PIT metamaterials introduce the quantum effect into the classic optics field and show unique potentials in developing many new types of compact devices in the terahertz (THz) range.
In general, there are usually two ways for realizing PIT: radiative-dark-coupling [7] [8] [9] [10] and radiative-radiative-coupling [11] [12] [13] [14] . In order to speed-up practical application, dynamically tunable PIT metamaterials have been extensively studied.
In recent years, much research has been conducted on achieving dynamically tunable PIT windows by integrating optically active materials with metamaterials, such as non-linear materials, liquid crystals, and semiconductors [15] [16] [17] . Among these active materials, graphene, a novel two-dimensional material, has built a wonderful platform to achieve dynamically tunable THz
The unit cell of the proposed metal-graphene metamaterial consisting of a split-ring-resonator and a closed-ring-resonator arranged in order, as is illustrated in Figure 1 [26] . The meta-atoms structures are assembled on the top of a semi-infinite silicon (Si) substrate with permittivity ε si = 11.7. The constructed unit cells are made of aluminum with a thickness of 0.2 µm. In this research, the dielectric constant of the Al at THz frequencies can be expressed as the Drude model [27] :
where the high-frequency dielectric constant is ε ∞ = 1, the plasma frequency is ω p = 11.9 × 10 4 cm −1 , and the damping constant is γ = 6.6 × 10 2 cm −1 .
Crystals 2019, 9, x FOR PEER REVIEW 2 of 10 two-dimensional material, has built a wonderful platform to achieve dynamically tunable THz devices attributable to its excellent electronic and optical properties [18, 19] . On the one hand, flexible modulation in the conductivity of graphene is induced by changing Fermi energy via electrostatic gating, which is easy to operate in experiments. On the other hand, the modulation speed of the graphene metamaterial is in the picosecond order due to the ultrafast response of graphene to terahertz waves. Therefore, various graphene-based metamaterials have been designed to produce controllable PIT [20] [21] [22] [23] [24] [25] . However, the surface conductivity of patterning graphene with resonance effects is difficult to adjust, which limits it practical application.
Here, we present an active modulation of PIT terahertz metamaterial by combining a graphene layer into an Al-based metamaterial system consisting of the split-ring-resonator (SRR) and the closed-ring-resonator (CRR). When the Fermi energy of graphene changes, the modulation depth of the PIT window can be dynamically tuned on a large scale, while the frequency of the PIT peak remains unchanged. According to the simulated electrical field distributions and effective circuit model, we elaborated the physical mechanism of active manipulation of PIT metamaterials owing to the conduction effect of the metallic graphene layer. Besides, the slow light effect of the proposed metamaterial is significant, and the group delay time can be adjusted in a wide range of picoseconds. Our work paves the way for new perspectives for the ultra-fast active control of terahertz devices. The unit cell of the proposed metal-graphene metamaterial consisting of a split-ring-resonator and a closed-ring-resonator arranged in order, as is illustrated in Figure 1 [26] . The meta-atoms structures are assembled on the top of a semi-infinite silicon (Si) substrate with permittivity 11. In order to achieve the dynamically manipulating radiative-radiative-coupling in PIT devices, a two-dimensional graphene flat sheet is deposited under the split gap of SRR.
Proposed Structure and Methods
For exploring the underlying physics in the designed structure, simulated calculations based on the finite difference time-domain (FDTD) method were carried out. During the electromagnetic wave Crystals 2019, 9, 146 3 of 10 simulation, the linearly polarized terahertz wave was normally incident to the PIT structure along the z-direction, with the electric field → E polarized along the y-direction, and the magnetic field → H along the x-direction.
Conductivity of Graphene
As is known, graphene is a tunable optical 2D material whose optical properties can be described by its complex surface conductivity. Graphene conductivity consists of the intra-band and inter-band transition processes. It can be calculated according to the Kubo formula [19, 28] :
and
where T, e, , and k B are the operation temperature, the elementary charge, the reduced Planck constant, and the constant of Boltzmann, respectively. ω, E F and τ stand for the photon frequency, Fermi energy in graphene and carrier relaxation time, respectively. The step function θ(ω) express the condition for inter-band transition.
From the far infrared to the terahertz range, the inter-band process is negligible due to the suppression of inter-band transitions because of Pauli state blocking, and the intra-band transition dominates when ω < 2E F . If the conditions E F k B T and E F ω are satisfied, the surface conductivity can be further simplified to a Drude-like form [29] :
In summary, the connection between the Fermi velocity v F , the carrier mobility u, carrier relaxation time τ, and the Fermi energy E F can be described as τ = uE F / ev 2 F , which indicates that the carrier mobility has an important influence on the ohmic loss of the graphene. In the simulation, we employed v F = 1.1 × 10 6 m/s and u = 3000 m 2 /(V · s), which was achieved in the experiment [30] .
It can be inferred from the Equation (5) that the graphene surface conductivity can be flexibly tuned by altering Fermi energy. As a result, the frequency-dependent graphene conductivity under different Fermi energy was calculated based on the Drude-like model and shown in Figure 2 . It was noteworthy that both the real part and imaginary part of graphene conductivity rapidly decreased as the Fermi energy decreased. When the graphene Fermi energy gradually approached the Dirac point, the density of states available for transitions decreased, resulting in a decrease in graphene conductivity. Moreover, it was observed that the conductivity of the imaginary part of graphene was positive, then the real part of the graphene permittivity constant was negative, which is ruled by ε = iσ/ω. Therefore, graphene exhibits metallic character and thus can support plasmonic effect in the terahertz region [19] . Relative to other thin metal layers and metal surfaces, the significant advantage of graphene is the capability of dynamically tuning the conductivity by electrical voltage or chemical doping. This conductivity-adjustable metal analogue can also be used as a key material to control the opening and closing of the gaps in the metamaterial structure, providing more possibilities for the tunable terahertz metamaterials [31] . In other words, there are two aspects to the application of graphene electrodynamic properties, one is as plasma material, the other is as conductive material.
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General Modulation Properties
To demonstrate the PIT effect in the designed graphene-based metamaterial, three structures were simulated, including an SRR array, a CRR array, and a combined SRR and CRR array, and the transmission spectra are presented in Figure 3 . The CRRs exhibited a broad resonance absorption valley, with a center frequency of 0.56 THz and an amplitude of 0.01. However, the SRRs exhibited a narrow resonance absorption valley, with a center frequency of 0.60 THz and an amplitude of 0.13. Hence, there was an extremely finite frequency detuning between the CRRs and SRRs. When forming a one-unit cell, including the CRRs and SRRs, an obvious transparency window was exhibited at 0.58 THz between the resonance frequencies of the CRRs and SRRs, namely, the PIT phenomenon in the metamaterial. 
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To demonstrate the PIT effect in the designed graphene-based metamaterial, three structures were simulated, including an SRR array, a CRR array, and a combined SRR and CRR array, and the transmission spectra are presented in Figure 3 . The CRRs exhibited a broad resonance absorption valley, with a center frequency of 0.56 THz and an amplitude of 0.01. However, the SRRs exhibited a narrow resonance absorption valley, with a center frequency of 0.60 THz and an amplitude of 0.13. Hence, there was an extremely finite frequency detuning between the CRRs and SRRs. When forming a one-unit cell, including the CRRs and SRRs, an obvious transparency window was exhibited at 0.58 THz between the resonance frequencies of the CRRs and SRRs, namely, the PIT phenomenon in the metamaterial. Both CRRs and SRRs can be independently excited via a terahertz normal incidence with polarization in the y-direction. Symmetric CRRs can intensely electromagnetically couple with the incident terahertz wave because of the even order eigenmode. With an external terahertz radiation field, CRRs will exhibit electric dipole oscillation, i.e., the lowest even eigenmode. This resonance mode exhibits a wide full-width of half maximum (FWHM) and low-quality factor. On the other hand, the asymmetric SRRs can be excited to form an LC oscillation eigenmode, and the surface current is circulation distributions. This resonance mode exhibits a narrower FWHM and high-quality factor due to weak external electric field coupling, as shown in Figure 3 . Hence, CRRs behave as the bright mode resonator and SRRs serve as the dark mode resonator.
Analyzing from Faraday's law of electromagnetic induction, there is a strong interaction between the dipole surface current in the CRR and the circulation current in the SRR. Based on the coupling effect, the reciprocating coupling of the electromagnetic field between the CRR and the SRR, but with a π phase difference, leads to a classical destructive interference [32] .
In order to achieve active control of the PIT device, the single-layer graphene was integrated under the split gap of the SRR, as depicted in Figure 1 . Surprisingly, the coupling strength between the bright and dark mode the resonator were fully controlled via altering the Fermi energy of the graphene layer. Figure 4 shows the active amplitude transmission spectra of the proposed system by tuning the Fermi energy E F in graphene. The amplitude undergoes an on-to-off modulation behavior of the PIT window at 0.58 THz without affecting adjacent frequency spectra. To quantitatively describe the extinction amplitude induced by the single-layer graphene, here we introduce the modulation depth in the transmission as:
where, the transmissions at the transparency peak of the PIT without and with the graphene layer are T 0 and T g , respectively. Initial stage E F was 0.1 eV, the modulation depth in the transmission was M 0.1 = 55%. When E F increased to 0.2 eV, the modulation depth rose to M 0.2 = 66.4%. Finally, when E F added up to 0.4 eV, the modulation depth went to M 0.4 = 91.6%. There is a single resonance at around 0.58 THz that can be observed. Thus, we have achieved a whole manipulation in the resonance strength of the PIT device. In addition, the perfect manipulation of the PIT only needs an E F of 0.4 eV, which is easy to implement experimentally [33] . These means that the modulation of the PIT amplitude can be realized by applying a gate voltage, which is more in line with actual needs and can be well applied to the absorption bleaching of actual terahertz sources.
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Analyzing from Faraday's law of electromagnetic induction, there is a strong interaction between the dipole surface current in the CRR and the circulation current in the SRR. Based on the coupling effect, the reciprocating coupling of the electromagnetic field between the CRR and the SRR, but with a π phase difference, leads to a classical destructive interference [32] . In order to achieve active control of the PIT device, the single-layer graphene was integrated under the split gap of the SRR, as depicted in Figure 1 . Surprisingly, the coupling strength between the bright and dark mode the resonator were fully controlled via altering the Fermi energy of the graphene layer. Figure 4 shows the active amplitude transmission spectra of the proposed system by tuning the Fermi energy F E in graphene. The amplitude undergoes an on-to-off modulation To reveal the modulation mechanism of the proposed PIT, the distributions of the electric field at the PIT resonance frequency were investigated. In Figure 5 , we show the near-field distributions of the total electric field intensity E = |E x | 2 + E y 2 + |E z | 2 at f = 0.58 THz for the cases without graphene and for E F = 0.1 eV and E F = 0.4 eV. Without graphene layer in the structure unit, the LC dark mode and the electric dipole oscillation bright mode interfered destructively with each other, which reflected the strong distribution of the electric field in the split gap of the dark SRR. In the destructive interference process, the electric field enhancement transfers from the bright mode to the dark mode resonator, similar to the quantum EIT effect. Because the split gap of an SRR is equivalent to a capacitor, the opposite charges accumulate at its two ends. When the graphene layer is integrated into the proposed structure, the opposite charges are recombined through the conductive graphene channels, which can attenuate the effect of capacitance in the split gap of the SRR. Hence, the electric field enhancement in the split gap is weakened, as shown in Figure 5b . The surface conductivity of graphene can be dynamically adjusted by changing the Fermi energy, which means that the increase in the Fermi energy leads to a reduction in the capacitive effect in the gap of the dark SRR. When the Fermi energy increases to 0.4eV, there is significant enhancement of the graphene recombining effect with larger conductivity, and the capacitance effect is significantly weakened. Therefore, the SRR exhibited too little capacitance to sustain the LC resonance mode, and the local field enhancement on SRR almost disappears, as shown in Figure 5c . Through the metal-like conductive graphene, the capacitance effect in the split gap of the SRR was modulated. However, the electric field distribution on the dark mode CRR was only slightly changed with the change in the Fermi energy, which is attributed to its small quality factor and gentle resonance spectrum. It can be determined that dynamically-tunable PIT based on radiative-radiative-coupling is possible because of the modulation of graphene surface conductivity by adjusting its Fermi energy.
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Effective Circuit Model Explanation
For a better understanding of the radiative-radiative-coupling in the PIT effect, we used the equivalent RLC circuit model [34] , as shown in Figure 6 . The left and right loops represent the bright mode and dark mode resonances, respectively. Without the single-layer graphene, which is shown in Figure 6a , the loop on the left consisting of R 1 , L 1 , C 1 and the loop on right consisting of R 2 , L 2 , C 2 forms a coupled resonant circuit having resonance at f = 0.58 THz. The coupling effect between the dark and bright modes is described by C 3 , and C 2 represents the capacitance effect in the split gap of the dark SRR. V 1 and V 2 represent the terahertz excitation field in the bright and dark modes, respectively. Based on the conduction effect of metallic graphene, the single-layer graphene is seen as a resistance R g that parallels with C 2 , as shown in Figure 6b . As for the LC resonance, R g will weaken the dark mode capacitor C 2 and enhance the energy loss in the SRR. With increasing E F , the energy losses in the dark mode will further increase, caused by the enhancement of the conduction effect of metallic graphene, which eventually leads to the disappearance of the PIT effect.
For achieving strong coupling, the bright mode and dark mode resonators must have extremely near resonance frequency. Based on the expression
, the introduction of g R can alter the dark mode resonance frequency. The relative high conductivity corresponds to a relative low g R , which will further decrease the quality factor and weaken the strength of coupling. Hence, we can achieve the manipulation of PIT by controlling the strength of radiative-radiative coupling.
(a) (b) Figure 6 . Effective circuit model of PIT without (a) and with (b) the graphene layer.
Slow Light Effect
The PIT effect has been well proved to apparently slow down the speed of light and have potential applications in the field of optical signal processing [35] . The actively tuning amplitude transmission spectra in Figure 3 indicate that the proposed PIT system can realize the dynamical modulation of the group velocity of the terahertz wave. This is mainly reflected in the group velocity index, because the greater the group velocity index, the more severe the group velocity delay. The group velocity refractive index g n in the transparency window can be expressed as [23] :
where n is the effective refractive index for the PIT metamaterial. In this paper, we introduce the group delay g t to depict the slow light capability, which is expressed as [21] :
where ψ is the transmission phase shift. The group delay g t is more suitable for distinguishing the slow light capability of the device than the group refractive index g n , because the solution discards the effective thickness of the metamaterial, which is complicated to define due to the influence of the substrate.
As shown in Figure 7 , we calculated the transmission group delay of the PIT metamaterials for different Fermi energy. Without the single-layer graphene, the PIT metamaterial shows the largest group delay g t =19.2ps at the EIT peak, which corresponds to a group delay of a 5.76 mm distance of the vacuum propagation. By integrating the single-layer graphene into the metal unit cell, as For achieving strong coupling, the bright mode and dark mode resonators must have extremely near resonance frequency. Based on the expression ω SRR ∝ 1/ √ L 2 C 2 , the introduction of R g can alter the dark mode resonance frequency. The relative high conductivity corresponds to a relative low R g , which will further decrease the quality factor and weaken the strength of coupling. Hence, we can achieve the manipulation of PIT by controlling the strength of radiative-radiative coupling.
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where n is the effective refractive index for the PIT metamaterial. In this paper, we introduce the group delay t g to depict the slow light capability, which is expressed as [21] :
where ψ is the transmission phase shift. The group delay t g is more suitable for distinguishing the slow light capability of the device than the group refractive index n g , because the solution discards the effective thickness of the metamaterial, which is complicated to define due to the influence of the substrate. As shown in Figure 7 , we calculated the transmission group delay of the PIT metamaterials for different Fermi energy. Without the single-layer graphene, the PIT metamaterial shows the largest group delay t g = 19.2 ps at the EIT peak, which corresponds to a group delay of a 5.76 mm distance of the vacuum propagation. By integrating the single-layer graphene into the metal unit cell, as E F increases, the maximum value of t g gradually decreases, which means the gradual loss of the slow light capability of the metamaterial. When E F = 0.4 eV, the slow light characteristic of PIT metamaterial almost disappears. The flexible controlled group delay over large timescales in the proposed metamaterial is comparable to previous reports [21, 36, 37] , which is due to the dark mode of high-quality factors in SRRs. Therefore, the proposed PIT metamaterial has the ability to actively regulate slow light, which exhibits great promise in developing optical communication and optical storage devices. , the slow light characteristic of PIT metamaterial almost disappears. The flexible controlled group delay over large timescales in the proposed metamaterial is comparable to previous reports [21, 36, 37] , which is due to the dark mode of high-quality factors in SRRs. Therefore, the proposed PIT metamaterial has the ability to actively regulate slow light, which exhibits great promise in developing optical communication and optical storage devices. 
Conclusions
In summary, the single-layer graphene as the active medium of dynamic metamaterials to effectively modulate the PIT effect was investigated. The transparency peak resulted from the radiative-radiative coupling between SRRs and CRRs, in which the capacitive effect of the gap in SRRs plays a significant role. Most importantly, by adjusting the graphene Fermi energy instead of the geometrical parameters, the PIT window can be actively modulated without affecting adjacent frequency spectra, and the maximum modulation depth of 91.6% could be obtained. The electric field further revealed that the underlying physics lies in the conduction effect of metallic graphene. The effective circuit model was applied to describe the PIT response to the presented structure. In addition, the maximum value of the group delay within the PIT window declined from 19.2 to 1.7 ps as the Fermi energy increased. This feature may have great potential in the development of slow light devices, which helps to stimulate the development of terahertz communication. Our work provides a new perspective for the fusion of graphene and metamaterials in the terahertz region.
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